Contribution of Disorder to the Hall Effect in Bi2Sr2Cu06+5 
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The in-plane resistivity and Hall coefficient have been measured for the single-layer compound 
Bi2Sr2Cu06+« for the whole range of doping states. The deviation of the Hall coefficient, Rh, from 
a high-temperature linear behavior and the temperature dependence of the Hall angle are both 
only weakly dependent upon doping, contrasting with Bi2Sr2-a;Laa,Cu06-i-5 and Bi2Sr2CaCu08+5 . 
This is in contradiction with former proposals that the transverse transport detects the formation 
of incoherent Cooper pairs in the pseudogap state. Conversely, the analysis of the data using a 
phenomenological angular dependent scattering rate clearly allows to distinguish between under- 
doped and overdoped states, and we propose that the maximum in Rh {T) simply arises due to the 
combination of a large T-independent scattering rate and an anisotropic temperature dependent 



o 
o 

Oh- 



X3 

o 



> 
oo 



o 



I 

o 
o 



X 



PACS numbers: 73.50.-h, 72.15.Lh, 73.50.Jt, 74.25. Dw, 74.25. Fy, 74.40.-fk 



The superconducting single-layer compound of the Bi- 
based cuprate family, Bi2Sr2Cu06-i-5 (Bi-2201), shows 
remarkable properties. Its maximum superconduct- 
ing transition temperature, Tc ~ 20 K, is outstand- 
ingly low, as compared to the other single-plane com- 
pounds, TlaBaaCuOg (T^ = 90 K) and HgBa2Cu04 
{Tc = 97 K). A strong incommensurate crystallographic 
modulation^ was proposed as the origin of this low 
transition temperature^. The normal state of Bi-2201 
presents contrasted results as a function of doping. In 
the underdoped (UD) regime, a large Nernst effect well 
above Tc was observed, as well as an anomalously small 
vortex entropy below T^ (this is similar to another 
single-layer compound, (La,Sr)2Cu04). Recently, super- 
conducting fluctuations were shown to be destroyed in 
Bi2Sr2Cu06+i5 for an unexpected small velocity of the 
fluctuating superfluid^. Both these results may be in- 
terpreted as evidence for non Gaussian fluctuations in a 
large interval above the transition temperature^-^. How- 
ever, it was shown that linear conductivity fluctuations 
in Bi-2201 are conventional and follow the universal be- 
havior for a two-dimensional superconductor, whatever 
the doping state. In particular these fluctuations dis- 
play no signature of the pseudogap phase; neither does 
non linear fluctuation conductivity^. In this context, dis- 
order, which leaves the linear fluctuation conductivity 
unchanged, is an appealing alternative to explain how 
large incoherent phase fluctuations may contribute to a 
decrease of the superconducting transition temperature 
well below its mean-field valued. To pursue this idea 
further, it is interesting to systematically investigate the 
transverse transport properties for Bi-2201, the Hall con- 
stant, for the whole range of doping. Although the under- 
standing of this quantity is notoriously difficult, we will 
show that the Hall data for Bi-2201 differs from those for 
other Bi-based cuprates, revealing in particular a strong 
T-independent scattering rate that accounts for the max- 
imum in the Hall coefficient. 

One single Bi-2201 thin film was studied for various 
doping states. It was epitaxially grown on a SrTiOa 



substrate and characterized by X-ray diffraction, as re- 
ported elsewhere^. First, annealing in pure oxygen flow 
at 420°C led to the flrst maximally overdoped (OD) state. 
Successive lower doping states were obtained by anneal- 
ing under vacuum at temperatures ranging from 220° C 
to 280° C. The sample was mechanically patterned in 
the standard 6 contacts geometry. The Hall coefficient, 
Rh = Vnt/IB, where Vh is the transverse Hall voltage,/ 
is the current flowing in the Hall bar and t = 2500 A is the 
sample thickness, was obtained as a function of temper- 
ature during a single slow temperature drift (-1- 9°C/hr). 
The magnetic field was continuously varying in time, fol- 
lowing a saw-tooth pattern with a maximum value of 
0.5 T. The magnetic field dependence of Vh allows to 
separate the Hall effect from the longitudinal resistivity 
contribution arising from the sample geometry imperfec- 
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FIG. 1: Resistivity for different doping states. The arrow rep- 
resents increasing doping (thick line is for the optimal dop- 
ing). Insets shows the transition temperature and the expo- 
nent from a power-law fit above 150 K, p{T) = a + bT". The 
abscissa, (T/(7opt(290 K) is an indication of the doping, varying 
in the range 0.1 - 0.35, according to Ref. 1171 . 
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tion (the Hall signal was typically 2% of the total signal) . 
Raw results for the longitudinal resistivity and the Hall 
coefRcient are shown in figures [T] and [2l The resistivity 
curves exhibit an upward curvature for the OD states 
and becomes linear near optimum doping and below, 
as evidenced by the power-law fits presented in Fig. [T] 
As repeatedly observed, the Hall coefficient (Fig. ^ ex- 
hibits a strong temperature dependence, which is one of 
the hallmark for the unconventional normal state of the 
cuprates. In agreement with results in Ref. [Tol . a maxi- 
mum in Rff{T) is found in the range 90-100 K, almost 
independent from the doping state, which is somewhat 
higher than the 70 K value obtained in Ref. 111 1 fo r sin- 
gle crystals and for the slight maximum in Ref. [l2- The 
Hall coefficient does not show the commonly observed 
upward curvature at high temperature, but a linear tem- 
perature dependence which could be checked up to 400 K 
for the most UD state (Fig. [21 inset). It has been pro- 
posed that the cotangent of the Hall angle {Oh) may be 
more significant than the Hall coefficient. Indeed, within 
a scenario of spin charge separation for a Luttinger liq- 
uid, cot(0H) is related to the magnetic scattering time 
alone, whereas Rh is related to both the magnetic and 
the conventional longitudinal scattering timei^. This 
scenario accounts for the experimentaly observed^^ lin- 
ear cot{6H){T^). As may be seen in Fig. [31 cot(6'ff) is 
clearly sublinear in T^. It is actually better described 
as cot(0_f/) ^ A + BTP, where p « 1.6 and possibly 
slightly increasing with underdoping (Fig. [31 inset). Such 
a failure was noticed by Ando et al.^^ in the case of La- 
doped single crystals, Bi2Sr2-a;La2;Cu06: the exponent 
ranges from p = 1.85 for the most UD (i.e. the largest 
La content) to p = 1.6 for the most OD sample (with 
p — 1.7 at optimal doping). According to Ando et at, 
this suggests, within the spin charge separation scenario, 
that the role of the spin degree of freedom is weakened, 
which would also explain the low maximum transition 
temperature (35 K) as compared to other single-layer 
compounds. This is also in agreement with the results 
obtained on Bi2Sr2CaCu208-i-a^. In the present case, 
the reduction of the exponent is obtained in the whole 
range of doping, and it is noticeable that this occurs for 
a compound where the maximum Tc is depressed to a 
lower value {Tc w 10 K). 

There have been many other theoretical proposals to 
account for the anomalous normal state properties of the 
cuprates (for a review, see Ref. [3). A particular class 
is the Fermi-liquid model one, where an anisotropic scat- 
tering, as found in ref. is introduced along the Fermi 
surface. The origin of this anisotropy is a much debated 
controversy; however a simple phenomenological model 
can be used to describe the transport data. We have 
used the work of Ref. [3 where a phenomenological de- 
scription of the variation in the mean free path along the 
Fermi surface was used (using a simple four-fold func- 
tion): parts of the Fermi surface ('hot spots') experience 
a stronger scattering than the rest of the Fermi surface 
('cold spots'). The Hall coefficient and Hall angle can 
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FIG. 2; Hall coefRcient for doping states as in Fig. [1] The 
thick line is for the optimally doped state. Inset: linear tem- 
perature behavior up to 400 K for the most underdoped state. 
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FIG. 3: cot(6iij) = pIRh H, at H = 1 T from the data in 
Fig. [T] and [2] The inset shows the exponent that best allows 
for a linear cot(te)(r''). 

then be written: 

eBThot{l + r) 

where r — Ihot/lcoid is the ratio of the mean free paths 
along the hot spots and the cold spots directions, R^ 
is the high-temperature asymptotic value of Rh, ruhot 
and That are respectively the effective mass and scattering 
time in the strong scattering directions. This description 
is model dependent only in the choice of the anisotropy 
of the scattering. It thus allows the determination of the 
scattering along the hot and cold directions, nihot/Thot 
and rricoid/Tcoid- As underlined in Ref. [H, the results do 
not strongly depend on the exact value for i?^. In our 
case, the determination of the latter is complicated by the 
linear dependence for Rh{T), with no observable satura- 
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FIG. 4: Scattering time obtained from the phenomenological 
anisotropic mean free path model (see text). The thick hne 
is for the optimal doping. Inset: mhot/fhot normalized at 
300 K, showing the superposition of the scattering rate for all 
overdoped states on a non-saturating curve. 
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FIG. 5: Temperature at which Rh{T) deviates from a high 
temperature linear fit by ARh{Th) = -510"" m^/C. Full 
lines are parabolic fits of Tc. Data for La-Bi2201 and Bi2212 
are from Refs. [la and [33. 



tion at high temperature. We used an estimate for 
for the most OD state where the temperature dependence 
of the coefficient is the weaker and assumed that is 
proportional to the maximum in Rh{T). We checked 
that the results were essentially independent from the 
choice of for the most OD state. We also evaluated 
from the hole content, as estimated from the super- 
conducting transition temperature and its phenomeno- 
logical relation to the carrier concentration^°'^^, which 
yielded results similar to the ones obtained from the first 
method, presented in Fig. [4| (using i?^ = 7 10^^° m^ C^^ 
for the higher doping). 

The T dependence of the hot-spot scattering rates is 
markedly different for the OD and UD samples. To em- 
phasize this, we normalized the curves by their room tem- 



perature value (Fig. [4|). Doing so, it is apparent that 
these curves split into two groups: the scattering rate 
at the hot spots for the OD states merge onto a single 
curve which shows no saturation at 300 K, while it is 
strongly curved and clearly shows a saturation for the 
UD ones. This behavior is qualitatively what is expected 
from the nearly-antiferromagnetic Fermi-liquid model, 
where spin fluctuations enhance the scattering at the in- 
tersection of the Fermi surface and the Brillouin zone 
along k=±(0, 7r)2^. Within this framework, the non sat- 
urating behavior and the saturating one for the hot-spots 
scattering rate correspond to the mean-field, OD and to 
the pseudogap, UD regimes respectively. It is however 
not clear why the scattering rates should all merge onto 
a single curve in the OD regime: this seems to indicate 
that, above optimal doping, the mean-field regime is valid 
over the entire temperature range, with no crossover to 
the pseudogap one at low T, as would be expected in the 
case of a steep boundary between the metallic phase and 
the pseudogap one as one crosses optimal doping^-. 

Nevertheless, this approach allows to clearly distin- 
guish between the UD and OD regimes in the present 
case. It is remarkable that this phenomenological de- 
scription is able to account for a maximum in Rh{T). 
Such a behavior corresponds to an offset in the hot and 
cold spots scattering rates that accounts for a finite mean 
free path in the limit of zero temperature, as is clearly 
seen in Fig. [H This allows for a decreasing anisotropy 
with a finite limit, as T — > 0. This is the reason why 
data in Ref. 12J for YBa2Cu3 06.68, which show a maxi- 
mum in Rh(T), also yield a scattering rate with a finite 
value in the limit T 0^*. This may be easily checked by 
adding to the phenomenological scattering rates in reflla 
a T-independent contribution, and inverting using Eq. [TJ 
The effect of this additional impurity contribution to the 
scattering rate was explicitely considered in ref. [25l . It 
was shown that a decrease of the p value from the intrin- 
sic p = 2 value, as observed here, can be accounted by a 
decrease of the scattering rate anisotropy. In the present 
case, the disorder at the origin of the T-indcpcndent scat- 
tering may originate from the strong modulation, or from 
both in-plane and out-of-plane impurities. 

There are several other models that aim to account 
for the temperature dependence of the Hall coefficient. 
Hussey's model accounts for a saturation of the hot spots 
scattering rate for the OD regime with a lower cutoff 
of the mean path. Another Fermi liquid theory is the 
one proposed by Bok et ai, using hole- like and electron- 
like orbits, depending on the carrier energy with respect 
to the one of a Van Hove singularitj^. This model, as 
well as the one by Stojkovic et ai, have been criticized 
in ref. 2^. However, Castro et al. recognize that their 
scattering times are qualitatively similar to the ones in 
Ref. [l^. Recently also, the marginal Fermi liquid theory 
was shown to provide transport coefficients in agreement 
with experiments [including the sub linear cot(0/f )(r^)], 
when the anisotropic T-independent scattering rate is ad- 
equately chosen^*. However, it is difficult to understand. 
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within such a model, how the scattering rate computed 
from our data could be insensitive to the Fermi liquid to 
the marginal Fermi liquid crossover, when going from the 
OD regime to the optimally doped one. 

Besides these approaches, there have been attempts 
to evaluate the importance of superconducting fluctua- 
tions either directly from the temperature dependence 
of the Hall coefhcient or from the Hall conductivity. 
Indeed, it is known that superconducting fluctuations 
bring a contribution to the Hall conductivitjsSi. Rice et 
al. have analyzed in this way the Hall conductivity in 
YBa2Cu307_af^. Further, Matthey et al. suggest that 
unconventional fluctuations may be uncovered by the low 
temperature deviation of Rh from a 1/T behavior— and 
the crossover to the pseudogap regime was shown to di- 
rectly affect the Hall constant^ii^. We have plotted in 
Fig. [5] the temperature Th at which Rh deviates by a 
given quantity from a linear high temperature fit ob- 
tained in the range 200-300 K, as well as for La-doped 
Bi2201 and Bi2212 from earher resultsi^i^^. Such a fit 
does not preclude the possibility that Rh (T) may be de- 
scribed as by an hyperbolic function on a larger range 
of T, but this provides a simple way to estimate this de- 
viation and was found equally convenient in the case of 
the other compounds of the Bi-based family. Clearly, Bi- 
2201 stands aside from the two other compounds: while 
Th appears to merge with the superconducting transi- 
tion temperature on the OD side of the phase diagram 
for both Bi,La-2201 and Bi-2212, a large temperature in- 
terval remains between and Th for the most OD state 
in the case of Bi-2201: Th is only weakly dependent on 
doping. This observation strikingly correlates with the 



previous one, that the exponent for cot(0//) is also only 
weakly dependent on doping. It contradicts Matthey et 
al. proposal that the Hall data for several cuprates sup- 
ports the existence of some intermediate crossover tem- 
perature between T^ and the pseudogap temperature^, 
where Cooper pairs start to form locall y^'^'^^i'^^ , which 
could be detected from the maximum in i?//(T), laying 
in our case close to the deviation point at Th. In the 
present case, this would imply that there is a large tem- 
perature domain above Tc, only weakly dependent upon 
the doping range, where these incoherent Cooper pairs 
are present. This is problematic if the presence of such 
Cooper pairs is only expected in the pseudogap state, in 
the UD regime. 

So, the following general picture may be proposed. 
Strongly disordered materials, as is the case here, can 
display a maximum in Rh(T) well above T^ indepen- 
dently from the doping state, simply due to a relatively 
small mean free path in the limit T ^ 0. In this case, the 
balance between the anisotropic T-dependent scattering 
mechanism and a T-independent impurity one sets the 
temperature for the maximum. We note that, for weakly 
disordered materials, superconducting fluctuations ac- 
count for an increasing Rh with temperature, close to 
Tc, on an otherwise decreasing function of temperature 
as obtained from anisotropic scattering mechanism as in 
Ref. When doping is decreased, the carriers tend to 
localize at low T, and the deviation of Rh{T) from its 
high temperature behavior provides a temperature that 
shifts above the superconducting one, with no need of the 
intervention of additional superconducting fluctuations. 
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